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Abstract 
This paper focuses on the evaluation of the environmental impacts of a PSS based on the Life Cycle Assessment methodology. Since current 
LCA tools are mainly product-oriented, solutions that allow an easy integration of the service component are needed. A reference architecture 
guiding the execution of the LCI phase is proposed both considering how service and product information jointly contribute to data gathering in 
the lifecycle phases and providing a more detailed checklist of information categories. The proposed architecture in this version has been 
thought to be as general as possible in order to be applied to any type of PSS. 
© 2016 The Authors. Published by Elsevier B.V. 
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1. Introduction 
The link between the use of a PSS and its environmental 
impact has been clarified since the introduction of the concept 
itself. This was evident in the first formal definition of a PSS 
given in 1999 ([1]) that was: “A product-service system is a 
system of products, services, networks of players and 
supporting infrastructure that continuously strives to be 
competitive, satisfy customer needs and have a lower 
environmental impact than traditional business models”. More 
recently, [2] have investigated the relation between the type of 
PSS and its environmental impacts showing that impacts are 
closely related to the types of PSS and, depending on the type 
of contract reflecting the type of PSS, different results in term 
of environmental assessment, both positive and negative, can 
be achieved. 
The widespread use of PSS in different sectors combined 
with the increasing importance of sustainability issues also in 
the customer’s eyes makes it necessary the development of 
tools able to reliably and easily assess the environmental and 
economic impacts of PSS. Tough the assessment of products 
is quite an established field and different solutions are 
available in the market, the assessment of services is not 
always taken into consideration and there are no standard for 
their inclusion. The sustainability measure of PSS thus calls 
for methods and tools able to seamlessly integrate product- 
and service-related aspects into the assessment tools. 
Focus of this paper is on the evaluation of the 
environmental impact of a PSS by means of the Life Cycle 
Assessment (LCA) methodology. There is a lack on general 
procedures, applicable to any type of PSS to follow in order to 
effectively carry out the evaluation: the wide range of services 
that can be combined with a product and their different nature, 
in fact, makes it difficult the development of a unique and 
robust method to systematize the information collection. The 
main aim of the piece of research here presented is to provide 
a reference architecture to support the Life Cycle Inventory 
(LCI) phase of the LCA that could formalize in detail the 
integration of information related to the service part of the 
offer. First, categories of information and their positioning 
along the life cycle of the PSS are taken into consideration 
showing the backbone structure that is recommended to carry 
out the LCI for a PSS. Then, each category is detailed more 
by considering some PSS-related examples (from the more 
traditional technical assistance to the most advanced pay per 
use service contracts). Even though the paper is mainly of a 
conceptual nature and aims at providing a model that is as 
general as possible, the discussion is based on empirical 
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examples taken from the authors expertise in different sectors 
and relies on the work carried out within an European-funded 
project (Manutelligence project ID 636951, Horizon2020-
FoF2014). In the next chapter a literature review about the use 
of LCA for PSS is presented (§2). Next, a high level 
architecture for supporting the data collection for the LCI 
phase of the LCA is proposed in §3. Such architecture is 
further detailed and explained using some practical examples 
(§4), before drawing some conclusions (§5). 
2. LCA for PSS: a brief literature overview 
In [3] different types of PSS are compared against the 
simple sale of the product and their relative environmental 
impact is qualitatively assessed. According to their study, the 
model of PSS that might lead to a radical reduction of 
environmental impacts is the functional result since, in this 
case, the provider has more degree of freedom for designing a 
low impact system. 
More generally, the best results in environmental 
sustainability are achieved when the PSS provider retains the 
responsibility for physical products during the use phase, that 
matches with a better delivery of repair services and 
maintenance leading to a product lifetime extension ([2]). 
In literature, the benefits of methodologies to perform the 
assessment of PSSs are frequently described (see for example  
[2]; [4] or [5]), whilst more rarely contributions describing 
how to effectively execute these evaluations can be found. 
Often, the sustainable design of solutions focuses mainly on 
the physical product and potential optimizations are directed 
towards its subsystems, whilst only later surrounding systems, 
which are the basements of the services, are paid attention. 
This procedure is not due to a lack of methodologies but 
rather due to lack of system thinking ([4]).  
Many contributions dealing with sustainability assessment 
of PSS depict the maintenance as the only service to be 
evaluated, while all the other services included in the PSS are 
neglected ([6]) and, typically, LCA procedures are applied to 
a specific case so that it is difficult to identify a general 
procedure. For instance, [7] presents an LCA study to assess 
impacts for a leasing PSS type of a water filtration device. 
The product related impacts are evaluated using the Swiss-
based Ecoinvent database, whilst for the service component a 
scenario simulation has been used to evaluate the use stage, 
developed thanks to the carrying out of a site survey. 
A few contributions only introduce methodologies to be 
applied when assessing the environmental impact of PSSs. In 
particular, three methodologies have been analyzed, as they 
seem to be the most complete. They are briefly described in 
what follows. 
A model proposed by [8] takes into account the three 
dimensions of sustainability (economic, environmental and 
social) when analyzing PSSs. It describes the steps a designer 
should follow in order to calculate a “final” indicator called 
Sustainability Indicator (SI) that could be used to compare 
different configurations of a PSS. The SI is computed to 
evaluate every aspect of a PSS and is composed by 
aggregating a list of more specific indicators. In order to allow 
the aggregation, each indicator is translated into an economic 
value and expressed as a monetary value. 
The second model taken into consideration is the one 
proposed by [9] and is specific for product renting, share and 
product pooling PSSs. It describes a step-wise methodology, 
based on the computation of specific parameters to model the 
system, to optimize the PSS in term of intensified usage. It 
analyzes every phase of life cycle of the PSS and in particular 
the use phase, that is split into main activities and states 
(stand-by stage, use stage and maintenance stage), providing 
parameters to model the system. The calculation of these 
parameters is functional for the comparison of different 
scenarios and, hence for determining the strategy that 
optimizes the system in term of environment, economics and 
use. The Functional Unit, suggested within the model by [9] 
can be used to model all kind of PSSs in which the service is 
strictly linked to the delivery of the product. However, the 
methodology does not take into account Pay-per-use or the 
Functional results types but, taking in consideration every 
environmental aspect of the service, could be extended to set 
up an analysis for every type of PSS. 
Finally, [10] introduce an approach useful for PSS 
developers looking for cost effective ways to get a quick 
overview of sustainability consequences of alternative 
choices. Their proposal relies on the use of three strategic 
tools that allow the early integration of the service component 
into the design process and the assessment of the 
sustainability impacts. They propose a procedure for 
including the sustainability evaluation, but they do not 
provide any specific indicator or method of calculation. 
Even tough these methodologies adopt a wider perspective 
for assessing sustainability impact, a general model describing 
how to assess LCA adaptable to any kind of PSS has not been 
found. 
3. A LCI high level architecture for PSS 
The Life Cycle Inventory (LCI) is one of the four steps 
included in the LCA procedure, namely (i) goal and scope 
definition; (ii) Life Cycle Inventory (LCI); (iii) Life Cycle 
Impact Assessment (LCIA) and (iv) interpretation of results. 
In particular, the LCI is focused on the data collection: all the 
flows in terms of resources and emissions entering and 
leaving the system of interest have to be taken into account 
identifying the exchanged natural elements and their quantity. 
This step is highly complex and time consuming, since it 
involves several different processes and actors along the 
supply chain. The main considered reference procedure to 
carry out the LCI is the standard included in the ISO 
14040:2006. According to this, the process of conducting an 
inventory analysis is iterative. As data are collected and more 
is learned about the system, new data requirements or 
limitations may be identified; this analysis may suggest a 
change in the data collection procedures so that the data 
characterizing the system are collected in a more precise way. 
Sometimes, after the LCI phase, also a review of the goal and 
scope of the LCA study is required. 
The second step of LCI involves the calculation procedures 
that follow data collection, including validation of data 
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collected. The relation of data to unit processes and the 
relating data to the reference flow of the functional unit are 
needed to generate the results of the inventory of the analyzed 
system for each unit processed and for the defined functional 
unit of the product system. When this process is applied to 
PSS it is even more difficult to identify functional units and 
reference unit to be used. 
When implementing the LCA in practice, after the goal and 
scope definition, LCI has to be carried out. The detailed list of 
information to be collected and the calculations to be done are 
case specific. Yet, it would be useful to have a reference 
structure that could guide the data collection, no matter the 
application field, in order to make sure that input data are 
reliable and complete. A reference architecture for PSS has 
been developed pointing out all the information categories 
that have to be taken into consideration. The aim is twofold: 
on the one hand, it will act as a common reference for making 
sure that the same logic is followed in different cases making 
meaningful possible comparisons of results; on the other 
hand, it is needed to clarify the logic used to include the 
service part into the reasoning. In fact, most of the literature 
refers to the product systems only, neglecting the 
consideration of advances services like the one associated to 
the pay per use contract or to the resource sharing. Fig.1 
shows the general architecture highlighting how services can 
be included. It has to be intended as a meta-architecture 
whose components have to be activated depending on the 
contingencies of the single case, but it is able to map all the 
possible needs coming from different scenarios. 
LCA accounts for impacts coming from three main phases 
of the life cycle of a PSS, namely the beginning of life (BOL), 
the middle of life (MOL) and the end of life (EOL). 
Accordingly, the LCI reference architecture has been 
structured around those three elements. 
The BOL takes into account the impacts originating from 
the activities carried out to get the product: the design of the 
product, extraction of raw material, the manufacturing and the 
process of transportation of finish or semi-finish products. 
From the service point of view, it is our assumption that a 
process can generate impacts and has been made explicit in 
this phase: the refurbishment that permits to renovate a 
product and to put it on the market as nearly new. Even if it is 
carried out at the end of the product life cycle of a product, it 
has been included in this phase assuming that there is change 
in the ownership (the refurbished product is sold to a different 
user) and considering the influence that can have when 
calculating the average LCA of a generic product. In the 
beginning of life, a refurbished product is expected to 
generate a lower impact than a new product. In this case, 
when evaluating the LCA during the design phase of the 
company selling that product type, it is necessary to consider 
the average proportion of refurbished products and new 
products and to consider the relative contribution to 
environmental impact. 
The MOL phase includes all the impacts related to the 
functioning and the maintenance of the PSS. These impacts 
are highly dependent upon the user’s behavior. During the 
design phase an average behavior has to be modeled so to 
identify the sources of impacts and, correspondingly, to 
quantify the impacts of the PSS. Considerations about the 
service provision and use have to be included since they 
contribute to the final environmental performance. To clarify 
this point, let’s take a typical example pertaining to a typical 
service delivered during the use phase, the maintenance for a 
machine tool. Different scenarios can be foreseen regarding 
the set of maintenance services required during the life cycle, 
differing in terms of frequency of occurrence, timeliness 
(upon failure or preventive) or service provider. The type of 
machine being the same, the resulting number of interventions 
and their nature generate a different impact. When a 
component fails, it has to be replaced thus introducing in the 
evaluation the impacts due to the spare part production. If, on 
the contrary, the component can be fixed before it fails thanks 
to a preventive action, then a lower impact follows. The same 
reasoning can be extended to all types of services than can be 
delivered during the use phase of a product, even tough the 
impacts are not always so evident and important as the ones 
related to a maintenance intervention where the tangible 
component is easily identifiable and quantifiable. 
Finally, the last considered phase in the architecture is the 
end of life that is referred to the final stage of a product but, 
from the impacts point of view, is mainly determined by 
service elements. Main activities are expected to be the 
disposal and the recycling when products are got back from 
the market and, if possible, their components are recovered or 
in some case they are converted into new energy or useful 
substances contributing the decrease the overall 
environmental impacts. Different strategies adopted for the 
end of life lead to different impacts. 
Fig. 1. High-level architecture paving the way for the LCI development 
In this preliminary version of the architecture the list of 
services does not want to be exhaustive: they mainly point to 
categories of services (for example services related to 
customers), than to specific services that could populate each 
category (for example a training course). It is also worth 
mentioning that this architecture points out what are the 
impacts’ contributions and their origin, but is does not give 
indication about how to quantify them. In fact, this 
architecture is valid no matter the functional unit that will be 
used and that will hugely impact the quantification of single 
impacts. In case the PSS is offered in a pay-per-use form, for 
example, the functional unit change and also the impacts since 
the product is expected to be used in a different way. 
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4. Information categories populating the PSS system 
model 
This section is meant to identify a more detailed list of 
categories of information that should populate the architecture 
presented in the previous section and that are needed to 
describe the PSS for evaluating its environmental and 
economic performances. This analysis indeed brought to the 
definition of a PSS model that is an essential preliminary 
element for the future development of a PSS data model. The 
PSS model has been thought to be “general-user” and allows 
the representation of products and services belonging to 
different industrial sectors. As already mentioned, the 
identified information categories act as a backbone structure 
to take as a reference for the data collection populating the 
LCI phase for a generic PSS. 
According to the presented high level architecture, 
information have been grouped in the following clusters: 
Beginning of life; Middle of life; End of life. 
The information categories listed in what follows indicate 
“what” has to be collected and measured to build the 
inventory needed as an input for the LCA analysis. The 
quantification of the single element (the “how”) depends on 
the type of product that is being considered and, for the same 
product, on the selected functional unit and usage scenario. 
The functional unit is a crucial concept that is selected when 
the scope of the analysis has to be determined and the focus of 
the study has to be established. This concept is especially 
worthwhile for PSS, where often the element to be assessed is 
not a specific and tangible product, and what the customer 
pays for is a performance instead of a tangible product.  
The proposed list of information categories is thus a 
checklist driving the LCI compilation, yet the way to be used 
to quantify the specific impact has to be decided case by case. 
4.1. Beginning of life 
This category of data is meant to include the information 
related to the product and the manufacturing operation carried 
out to get it. Different sources of information are needed since 
impacts have to be calculated considering the supply chain, 
the production process and the product. Main information 
categories are summarized in what follows. 
Product-related data: 
• bill of material of the product including: 
o the tree structure of the product representing 
assemblies and components constituting the 
product itself; 
o materials used for each component; 
o quantity of material, components and 
subcomponents (coefficient of use) included 
in one unit of product 
o defectiveness 
o list of the manufacturing operations 
performed internally to obtain each 
component. In order to perform the LCA, 
these operations are characterized by: 
o a functional attribute (e.g. the removed 
material, the length of welding…) that is 
specific to the operation type; 
o the quantification of this attribute, expressed 
for instance in weight or in volume; 
o the operation cost expressed as an hourly 
cost or as a functional attribute-related cost 
depending on the company habit to measure 
its operations costs; 
• supply chain information related to: 
o structure of the supply chain. The supply 
network is described considering both 
upstream elements (material suppliers, 
components suppliers, operation 
suppliers…) and downstream ones 
(distributors, logistic partners, the market or 
directly the customer…); 
o distance matrix that is a table identifying the 
distances existing between the supply chain 
members; 
o for outsourced operations, the same set of 
info included in the previous group (internal 
operations) plus the specification of the 
supplier providing it in terms of distance, 
travel costs; 
o cost of transportation; 
o cost of purchased materials, components, 
assemblies and of outsourced operations; 
• electricity mix used by the supply chain element. 
Electricity is a very important energy carrier that can 
be obtained through different technologies, 
characterized by different environmental and 
economic impacts. Electricity mix is thus crucial in 
order to assess the sustainability effects of a specific 
operation performed both upstream, for instance in a 
manufacturing process, and downstream, for instance 
the use of a product. Each supply chain member can 
be characterized by a different electricity mix, that is 
in turn characterized by a specific cost and impact on 
nature. Energy mixes may vary from national mixes 
to very specific one if the supply chain element is 
able to generate its electrical energy by its own or is 
able to choice the source of the electricity purchased. 
Service-related data: 
• amount of recycled/reused material, components and 
refurbished products. 
4.2. Middle of life 
This category is related to the use phase. The information 
needed to model this part are the following: 
Product-related data: 
• expected life time of the product; 
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• the typical parameters which describe the usage 
scenario of the product. For example, frequency of 
use, parameter setting during the functioning and so 
on. These parameters can vary a lot depending on the 
type of product that is being considered, so a 
generalized list can be hardly provided. 
Service-related data: 
• list of services that are associated to the product 
usage (it is worth noting that, even though the 
customer pays of the performance, the tangible part 
of the offer is always assumed to be present). For 
each service, the following information are needed: 
o average number of time the service will be 
requested over the product life cycle; 
o associated consumables needed to provide 
the service; 
o service supplier and distances travelled to 
deliver the service; 
o cost of the service; 
• consumables needed to use the product specifying 
their quantity, origin and unitary cost. 
4.3. End of life 
The information set related to end of life of the product 
takes into account the last part of the PSS lifecycle. Reuse, 
recycle, recover and disposal are typical activities performed 
during the end of life. The data categories modeling this part 
are all service-related: 
• the list of the end of life operations performed to 
dismantle or recover the tangible parts of the PSS. 
These operations are characterized by elements 
similar the manufacturing process description such as 
a functional attribute, specific to the operation type 
or the operation cost; 
• service provider; 
• cost of service; 
• energy and materials flows that is possible to recover 
and to use within the same PSS or in other systems. 
5. Conclusions 
The implementation of the LCA procedure for the 
evaluation of environmental impact of products is quite a 
common and widespread practice. Nonetheless, the adoption 
of standards and tools for PSS is not trivial since the service 
part that has to be included and the assessment of a service 
asks for a different logic than the one used for a tangible 
product. In this paper, a contribution towards the development 
of methodologies that could make easier the LCA for PSS is 
provided by focusing on the first step of the LCA, the LCI 
that takes care of the data collection. A conceptual analysis is 
done in order develop a reference architecture that could 
seamlessly consider the service component and the tangible 
component as far as the LCI is concerned. First, a high level 
architecture is proposed that shows how service and product 
information contribute to the data gathering in the different 
part of the PSS lifecycle. Next, a more detailed checklist of 
information categories for each phase is provided giving 
examples of specific data that are needed when the LCA is 
started. The architecture is general and can be applied to any 
type of PSS: depending on the specific case, different 
elements can have different importance. This work is a 
preliminary analysis and is expected to evolve. For example, 
it would be interesting to detailed more the architecture for 
the different types of PSS mentioned in literature or to 
validate it by populating the categories with reference to a 
specific case. 
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